We analyzed the solar, terrestrial and atmospheric neutrinos experiments using the three-flavor neutrino framework and got the allowed regions for param- is favored than the small angle slution from the analysis of zenith angle dependence in atmospheric neutrino sub-GeV experiment.
I. INTRODUCTION
The problem of neutrino masses and oscillations is one of the most interesting issues to study physics beyond the standard model (SM) [1] . In many experiments which are under way, indications in favor of neutrino masses and oscillations have been obtained. In these experiments, the solar neutrino experiments [2] [3] [4] [5] measure the event rates significantly lower than the ones predicted by the standard solar model, and the atmospheric neutrino experiments [6] [7] [8] observe an anomaly referred to as the unexpected difference between the measured and predicted µ-like and e-like neutrinos. Another indication in favor of non-zero neutrino masses is in the cosmological analysis by dark matter [9] .
On the other hand, terrestrial neutrino experiments searching for the neutrino masses and oscillations are under way. The E531 [10] , CHORUS and NOMAD [11] experiments using the beam from accelerator search for ν τ appearance in a ν µ , and E776 [12] , KARMEN [13] and LSND [14] experiments using the accelerator beams are searching for ν µ → ν e andν µ →ν e oscillations. The experiments using nuclear power reactor [15] search for the disappearance ofν e , in whichν e →ν X (X = µ, τ ) transitions are expected. These experiments do not observe significantly large neutrino transitions.
In this paper, we analyze the data of current solar, terrestrial and atmospheric experiments in a framework where the three neutrinos have masses and mix each other, and search the allowed regions of parameters (∆m P (10)
III. NUMERICAL ANALYSES OF NEUTRINO OSCILLATION IN THREE-FLAVOR NEUTRINOS

A. Solar neutrinos
We first analyze the solar neutrino experiments. Considering the matter effects (MSW effect [22] ) in three-flavor neutrinos, the transition probability for ν e → ν e is expressed as [ 
where Θ is the theta function, A = 2 √ 2G F N e E (G F is Fermi constant, N e number of electron per cm 3 at the production point of neutrinos in the sun and E the energy of neutrino), P c the Landau-Zener-Stueckerberg crossing probability, γ is the adiabaticity parameter (| · · · | 0 represents the value at the production point of neutrinos) and θ m 12 the mixing angle at the production point. P
MSW 2ν
is the transition probability with a replacement of N e → N e cos 2θ 13 in two-flavor neutrinos transition probability. This expression is obtained from an approximation;
where Λ = ((m The ratios of the detected e neutrino fluxes to the expected e neutrino fluxes deduced from the standard solar model (SSM) [23] are expressed by using the transition probability P MSW 3ν
where f (E) is the product of the spectral function of neutrino flux and detector sensitivity. The neutrino flux is the sum of many neutrino fluxes produced by the various nuclear fusion reaction at the center of the sun. The detector sensitivity also depends to the neutrino energy. Numerical results for neutrino flux and detector sensitivity are analyzed precisely in Ref. [23] . For f (E) used in this paper, see Appendix A.
In our analysis, we use the following three experimental data for R: Ga experiment [2, 3] :
Cl experiment [4] :
water Cherenkov experiment [5] :
In Ga experiment, we combined the SAGE [2] and GALLEX [3] data. First we estimate the numerical values R for θ 13 = 0 which corresponds to two-flavor neutrinos case using the Eq. (13) , and show the contours of R on sin 2 2θ 12 − ∆m 2 12 plane in Fig. 1 . Each contour denoted as Ga, Cl and Kam corresponds to the upper and lower values of R in Eq. (14) for Ga, Cl and Kamiokande's water Cherenkov experiment. There are two solutions which are denoted as common areas enclosed by each two contours of Ga, Cl and Kam. These are called as large solution and small solution. This result is similar to the one obtained in various analyses [24] .
Next we estimate the numerical values R for the case of θ 13 = 0. In Fig. 2 , we show the allowed regions of the combined Ga, Cl and Kam experiments using the χ-square, where the solid thin, solid thick and dotted lines define the regions allowed at 99%(χ 2 = 9.2), 95%(χ 2 = 6.0) and 90%(χ 2 = 4.5) C.L., respectively. Fig. 2 (a) - Fig. 2(h) show the allowed regions for θ 13 = 0
• − 50 • . Fig. 2(a) shows the θ 13 = 0 case, thus this shows the two-flavor neutrinos' solution. These results are similar to the ones obtained by Ref. [18] . Numerically, we show the allowed regions in 95% C.L.; for θ 13 
The characteristic feature of three-flavor neutrinos' solution is as follows; increasing θ 13 from 0 • to 25
• , the small mixing solution and the large mixing solution merge in a single solution, further increasing θ 13 to 50
• , the allowed region becomes broader and next shrinks and lastly disappears.
B. Terrestrial neutrinos
In terrestrial experiments, there are two types of experiment: short baseline and long baseline experiment. In present study, we analyze the short baseline experiment. In the short baseline experiments, there are E531 [10] , CHORUS and NOMAD [11] accelerator experiments searching for ν τ appearance in ν µ . We use the data of E531, CHORUS and NOMAD experiments;
L/E ∼ 0.02.
For the experiments searching for ν µ → ν e andν µ →ν e oscillations, there are E776 [12] , KARMEN [13] and LSND [14] accelerator experiments;
Furthermore, we analyse the experiments using nuclear power reactor [15] searching for the disappearance ofν e , 1 − P (ν e →ν e ) < 10
In the short baseline experiments, the neutrino propagation length L is about L 
, the transition probabilities in present short baseline terrestrial experiments seem to be insensitive to the parameters; ∆m 2 12 and θ 12 . We show the contour plots of the allowed regions on (tan 2 θ 13 , tan 2 θ 23 ) plane determined by the probability P expressed in Eq. (10) and above experimental data Eqs. (16), (17) and (18) 
for ∆m
for ∆m 
If we combine the LSND data with the above analyses, the allowed region disappears lower than 0.2 eV 2 of the ∆m 2 23 value. Furthermore, combining the solar neutrino solutions with this terrestrial ones, the allowed regions larger than 50
• of θ 13 on terrestrial neutrino are excluded.
C. Atmospheric neutrinos
The evidence for an anomaly in atmospheric neutrino experiments was pointed out by the Kamiokande Collaboration [6, 7] and IMB Collaboration [8] using the water-Cherencov experiments. More recently, SuperKamiokande Collaboration [19, 20] reports the more precise results on anomaly in atmospheric neutrino. We tabulate these results in Table II . That the double ratio, R(µ/e) ≡ R expt (µ/e)/R MC (µ/e), is less than 1 is the atmospheric neutrino's anomaly. In Table II , sub-GeV experiments detect the visible-energy less than 1.33GeV, and in the second column (total exposure), left number represents the detector exposure in which fully contained events are detected and right numbers partially contained events.
The ratios R expt (µ/e) and R MC (µ/e) are defined as
where the summation α are taken in µ, e neutrino and µ, e untineutrino. ǫ β (E β ) is the detection efficiency of the detector for β-type charged lepton with energy E β , σ β is the differential cross section of ν β and F α (E α , θ α ) is the incident ν α flux with energy E α and zenith angle θ α . P (ν α → ν β ) is the transition probability Eq. (10) and it depends on the energy E α and the distance L which depends on zenith angle θ α as L = (r + h) 2 − r 2 sin 2 θ α −r cos θ α , where r is the radius of the Earth and h is the altitude of production point of atmospheric neutrino.
Although informations of F α (E α , θ α ) etc. are given in Refs. [25] [26] [27] , we use the MC predictions for [6] for sub-GeV experiment and Ref. [7] for multi-GeV experiment. Explicit E α dependence of f α (E α , θ α ) are shown in Appendix B. Since P (ν α → ν µ ) and P (ν α → ν e ) are the functions of (∆m 2 12 , ∆m 2 23 , θ 12 , θ 13 , θ 23 , L, E), the double ratio R(µ/e) which is integrated in neutrino energy E and zenith angle θ (related to L) is the function of (∆m In Fig. 4 , we showed the contour plots of double ratio R(µ/e) on tan 2 θ 13 − tan 2 θ 23 plane for various ∆m Table  II . We showed the plots of sub-GeV experiment in Fig. 4 
for ∆m for ∆m
If we combine the LSND experiment with above terrestrial data, allowed regions are restricted as follows, sub-GeV case: large angle solution small angle solution for ∆m
for ∆m 2 23 = 0.2eV 2 no allowed region no allowed region (24b)
Although there are allowed regions satisfying both terrestrial and atmospheric experimental restrictions, all of these solutions do not satisfy the zenith angle dependence of R(µ/e) for atmospheric neutrino experiments. From resent SuperKamiokande experiments [19, 20] , zenith angle dependence seems to be more definite than that obtained previously [6, 7] : the double ratio R(µ/e) for sub-GeV experiment seems to decrease monotonically as zenith angle θ increases from θ = 0
• to θ = 180
• and R(µ/e) for multi-GeV experiments seems to decrease as zenith angle θ increases from θ = 0
• . Among the allowed solutions obtained above, Eqs. (21) and (22) (or (23) and (24)), the large angle (sin 2 2θ 12 ∼ 0.7) solutions with θ 23 < 45
• satisfy the monotonic decreasing of the R(µ/e) in sub-GeV neutrino experiment. This solution also decreases in multi-GeV experiment as zenith angle increases.
In Fig. 5(a) , we showed the zenith angle (cos θ) dependence of R(µ/e) in sub-GeV experiment on the typical parameters for large angle solution (∆m 
If we include the LSND experiment in terrestrial ones, solutions, Eqs. (25a) and (25b), are favoured.
IV. DISCUSSIONS
We analyzed the solar, terrestrial and atmospheric neutrino experiments using the three-flavor neutrinos framework and got the allowed regions of the parameters (∆m Finally, we present the neutrino mixing matrix Eq. (2) 
for ∆m The ratio R of the detected e neutrino flux to the expected e neutrino flux deduced from SSM is expressed as
where E is the neutrino energy and f (E) is the summation of products of f i (E) and c [23, 28] , neutrino fluxes at 1AU are expressed as the function of E (numerical number without dimension of neutrino energy measured in the unit MeV) as
We estimate the detector sensitivity which is normalized as c D B = 1 using the Bahcall's result (Table I) 
Numerical values used for parameters at the center of the sun are as follows:
Y e = 1/2 (the number of electrons per nucleon), m n = 939 MeV (the nucleon mass), ρ = 156 g/cm 3 (the density),
We take the E α dependence of f α (E α , θ α ) from the results estimated in Monte Callro calculation. We neglect the θ α dependence of f α (E α , θ α ). For the sub-Gev experiments, we take it from Ref. [6] as
and for the multi-GeV experiments from Ref. [7] as
, fully-and partially-contained events (B2b) are fixed as 10 −5 eV 2 and 0.8, respectively. ∆m 2 23 is fixed to 20eV 2 ( Fig. 3(a) ), 2.0eV 2 ( Fig. 3(b) ), 0.2eV 2 (Fig. (c) ) and 0.02eV 2 (Fig. (d) ). Dotted lines show the allowed regions restricted by the LSND data. 
TABLES
